The complete nucleotide sequence including the novel telomere sequence of Streptomyces linear plasmid pSHK1 consists of 187,263-bp, 158 genes, in which 51 genes resemble those of the linear plasmid SCP1 of Streptomyces coelicolor A3(2), and 20 genes encode transposases. Strikingly, the repetitive CRISPRs (clustered regularly interspaced short palindromic repeats) and cas (CRISPR-associated) genes were found, including a cluster of eight cas genes, in the order cas2B-cas1B-cas3B-cas5-cas4-cas2A-cas1A-cas3A, bracketed by a pair of divergent CRISPRs, and five other dispersed CRISPRs. The cas2B-cas1B-cas3B-cas5 or cas4-cas2A-cas1A genes were co-transcribed. Protein -protein interactions between Cas5 and Cas1A, 2A, 2B, 3B were detected by yeast two-hybrids, indicating a critical role of Cas5 for the formation of protein complexes. By polymerase chain reaction and Southern hybridization, 12 cas4 genes including three on linear plasmids were found among 75 newly isolated Streptomyces strains. The pairedCRISPRs and bracketed cas were also conserved in several other Streptomyces or actinomycete species. However, unlike other bacteria, the CRISPRs-cas in pSHK1 could not provide immunity against introduction of phage FC31 and plasmid containing the particular spacers in Streptomyces.
Introduction
Actinomycetes are a large group (.160 genera, including Streptomyces) of high G þ C branch of the Gram-positive bacteria [1] . In contrast to most eubacteria, Streptomyces species contain linear plasmids and linear chromosomes [2] [3] [4] . Streptomyces linear plasmids vary in size between 12 [5] and 1700 kb [6] , with their 5 0 DNA ends covalently linked to terminal proteins (TPs) [7, 8] . Unlike the TP-capped linear replicons of adenoviruses and bacteriophage F29 [9] , the replication of Streptomyces linear plasmids starts at internal loci and proceeds bi-directionally toward the telomeres [10, 11] . This leaves a short singlestrand overhang at the 3 0 telomeric ends of the linear plasmid pSLA2 as a replication intermediate [11] , to be converted to a double strand by TP-priming DNA synthesis, possibly assisted by 'folding-back' of the telomeric palindromes [12] , with palindromes 2/3 being bound by a telomere-associated protein (Tap) to recruit telomere terminal protein (Tpg) [13] . The complete nucleotide sequences of at least nine Streptomyces linear plasmids have been determined [14] [15] [16] [17] [18] [19] , most of them containing conserved telomere sequences, while three plasmids (SCP1, pRL1, and pRL2) carry novel telomere sequences [20, 21] .
The complete nucleotide sequences of microbial genomes reveal a novel family of repetitive DNA sequences, CRISPRs (clustered regularly interspaced short palindromic repeats), present in eubacteria and archaea, but absent from eukaryotes and viruses [22 -24] . The main structural characteristics of CRISPR loci comprise a direct repeat (21-37 bp) followed by an interspaced non-repetitive sequence of similar length [22, 23] . A common leader sequence of 20 -534 bp on one side of the CRISPR locus is also found [23, 25] . The CRISPR-associated (cas) genes, in a cluster or as a separate loci, lie adjacent to or at a long distance from a CRISPR locus [23] . About 45 Cas-protein families and six 'core' proteins, Cas1-6, have been recognized [26] . A few CRISPRs have also been reported in actinomycetes, e.g. Mycobacterium [27] and Streptomyces [28] . With more microbial genomes being sequenced and the development of analytical tools for CRISPRs [29] [30] [31] , a number of CRISPR loci and cas homologous genes have been found (see 'CRISPRs database' at website: http://crispr.u-psud.fr/crispr/CRISPRdatabase.php). Recently, experiments have shown that CRISPRs are involved in protecting cells from bacteriophages and conjugative plasmids via RNA-guided RNA cleavage by a CRISPR RNA -Cas protein complex [32] [33] [34] [35] .
Here, we reported that the complete nucleotide sequence of Streptomyces large linear plasmid pSHK1 (187,263 bp in length) revealed seven new CRISPR loci, including a cluster of cas genes bracketed by a pair of divergent CRISPRs, and five other dispersed CRISPRs. Co-transcription of some cas genes was detected. Proteinprotein interactions between Cas5 and Cas1A, 2A, 2B, 3B were observed. Twelve cas4 genes were found among 75 newly isolated Streptomyces strains. However, unlike in Streptococcus epidermidis [33] and Escherichia coli [36] , the CRISPRs/cas in pSHK1 could not provide immunity against Streptomyces phage and plasmid.
Materials and Methods
Bacterial strains, plasmids, and general methods Streptomyces sp. HK, harboring a linear plasmid pSHK1, was a stock culture in our laboratory, and identified as Streptomyces sp. by its 16S rRNA gene sequence (our unpublished data). The 75 newly isolated Streptomyces strains (identified by 16S rRNA gene sequences) were isolated from Chinese medicinal herbs. Strains E. coli DH5a and Streptomyces lividans TK23, and plasmids pSP72, pBluescript SK II and pQC578 [37] were used as cloning hosts and vectors. S. lividans J1929, kindly provided by Dr Xiaoming Ding (Fudan University, unpublished data) was host for lysogenic FC31. Plasmid isolation, transformation of E. coli, and polymerase chain reaction (PCR) amplification followed the protocol described by Sambrook et al. [38] . Streptomyces culture, plasmid isolation, transformation, pulsed-field gel electrophoresis, enrichment of lytic phage from lysogenic FC31 and transfection, and Southern hybridization followed the instructions described by Kieser et al. [39] . The gel was transferred onto a nylon membrane (Amersham, Van Nuys, USA). Southern hybridization was performed with a probe of the full-length pSHK1-cas4 labeled with 'Digoxigenin (DIG) High Prime' and detected with 'Detection Starter Kit' (Roche, Basel, Switzerland). Gene disruption and replacement were done as described by Gust et al. [40] .
Cloning, sequencing, and analysis of linear plasmid DNA To clone the pSHK1 telomere, 2 mg plasmid DNA was cut from pulsed-field gels and purified by ultrafiltration columns (Millipore, Billerica, USA). To remove TPs from the linear plasmid, 0.2 N NaOH was added in the DNA solution at 378C for 1 h and then neutralized by adding 0.2 N HCl, 0.1 N Tris-HCl ( pH 8.0), and 20Â SSC (NaCl 175.3 g, C 6 H 5 Na 3 O 7 88.2 g, to 1 l distilled water, pH 7.0) at 658C for 3 h [41] . The KpnI-digested pSHK1 DNA was cloned into E. coli pSP72 digested with KpnI and EcoRV. The insert was sequenced. DNA secondary structures were predicted with 'DNA folder' (http://mfold.bioinfo.rpi.edu/ cgi-bin/dna-form1.cgi) and 'Clone manager version 9' (http://www.scied.com/pr_cmpro.htm).
To sequence pSHK1, a 'shotgun' strategy was employed. A total of 10 mg DNA was cut and purified from pulsed-field gels. After the DNA was randomly broken by sonication and cloned in E. coli pUC18, PCR sequencing was done on an Applied Biosystems Genetic Analyzer model 3730 at the Chinese Human Genome Center in Shanghai. Analysis of protein coding regions for high G þ C DNA content was performed with 'FramePlot 3.0 beta' (http://watson.nih.go.jp/ jun/cgi-bin/frameplot-3.0b.pl) [42] . Sequence comparisons and protein domain searching were performed with the BLAST (www.ncbi.nlm.nih.gov/BLAST/). CRISPR loci were searched by 'CRISPRfinder' [31] . A phylogenetic tree for Cas proteins was constructed by Phylip package version 3.65 (http://evolution.genetics.washington.edu/phylip.html).
Nucleotide sequences accession numbers
The GenBank accession number for the complete nucleotide sequences of pSHK1 is EU372836.
Reverse transcriptase-PCR for co-transcription of cas genes Streptomyces sp. HK was cultured in Tryptone-SoyaBroth medium, and total RNAs were isolated. About 1 mg of RNAs was reverse transcribed into cDNA using RevertAcid First Strand cDNA Synthesis kit (MBI Fermentas, Glen Burnie, USA). Then 2 ml of products was subjected to PCR amplification with primers from the sequences of the neighboring cas genes: p1 (5
. Polymerase chain reaction conditions were 948C for 5 min, then 948C for 30 s, 608C for 30 s, and 728C for 50 s, 30 cycles.
Yeast two-hybrids for detecting interactions between Cas proteins
The eight cas genes of pSHK1 were amplified individually, and cloned into both the DNA-binding domain of the 'bait' vector pGBKT7 and the GAL4 activation domain of the 'target' vector pGADT7. These pairs of 'bait' and 'target' plasmids were co-introduced by transformation into yeast strain AH109. Yeast cells were streaked on SD medium lacking leucine and tryptophan (SD/-Leu/-Trp) and SD medium lacking leucine, tryptophan, and histidine but containing 3 mM 3-amino-1,2,4-triazole (SD/-Leu/-Trp/-CRISPR loci on Streptomyces linear plasmid His/þ3AT). Colonies grown on SD/-Leu/-Trp/-His/þ3AT were inoculated into the corresponding liquid broth to determine b-galactosidase activity as described in the protocols supplied by Clontech (Mountain View, USA).
Cloning of CRISPRs/cas and construction of phage and plasmid containing spacers A 23 kb fragment (NheI þ BglII) containing intact CRISPR1-cas-CRISPR2 sequence of pSHK1 was cloned in a chromosme-integrating plasmid pSET152 [43] and was introduced by conjugation into the chromosome of S. lividans TK23 to obtain TK23(CRISPRs/cas). Four CRISPR1-spacers (CS1, 5 0 -GCAGTTCGCCCGCACCCGT TTCCCGCGAAGAGGCCGAGTGACGCGCGACCAGG TGGGCCGCGCCGGCGAACGTCCGGCCGCCGTCGCG GATGACCTCGGAACAGGTGCGCCAGTGGTCCTGCG TGGCGCGCG-3 0 ) and four CRISPR2-spacers (CS2, 5 0 -GCCGGTCTCCGCGGTGGACCCACCGGACCACCG GATGCCCGCACTCGCAGCGCTCATGATCGCGCTCC GGTCCGTACCGACGTCGCAGACGTACGCGTAGGTC GGTCTGGCGAAGGCGAAGATCGGCAAGAC-3 0 ) from pSHK1 were synthesized and cloned in plasmid pBluescript SK II to obtain pS1 and pS2, respectively. The insert sequences were released with treatment of EcoRI/HindII and were cloned in pQC578 [37] containing the oriT from plasmid pUZ8002 to obtain pQX37, and the CS2 was cloned at EcoRI/HindIII in pQX37 to obtain pQX37CS2. Lysogenic phage FC31 (in S. lividans J1929) at orf26 (36165-36428, with deletion of 263 bp) was replaced by CS1 or CS2 via a standard protocol of gene disruption and replacement to obtain FC31CS1 or FC31CS1.
Results
Sequencing and overview of Streptomyces large linear plasmid pSHK1 While investigating Streptomyces linear plasmids, a 180 kb DNA band (designated pSHK1) from Streptomyces sp. HK was detected by pulsed-field gel electrophoresis (data not shown). It was shown that pSHK1 might contain a novel telomere as suggested by the absence of PCR products using primers from the conserved telomere replication genes tpg/tap [21] . To clone the telomere, linear DNA was treated with NaOH to completely remove covalently linked TPs from its 5 0 ends, and then force-cloned into E. coli plasmid pSP72 (see Materials and Methods). The two ends of the linear molecule contained an inverted-repeat (IR) sequence of 856 bp. As shown in Fig. 1(A) , the telomere sequence of pSHK1 was novel, but like other Streptomyces telomere sequences, it also contained multiple short palindromes.
Sequencing of pSHK1 was performed by 'shotgun cloning' (see Materials and Methods). The complete nucleotide sequence consisted of 187,263 bp, with a 70.1% G þ C content resembling that of typical Streptomyces genomes (e.g. 72.1% for Streptomyces coelicolor A3(2) [44] Table S1 ). Fifty-one ORFs resembled those of the Streptomyces large linear plasmid SCP1, especially including functions of plasmid replication, conjugal transfer and partition [ Fig. 1(B) , Supplementary data Table S2 ]. Interestingly, 20 ORFs (t1-t20) on pSHK1 encoded transposases, 14 of them in pairs, and also in the same transcriptional directions. A phylogenetic tree showed the relationship of these transposases (Supplementary data Figure S1 ).
Seven new CRISPR loci and a cluster of eight cas genes According to the main structural characteristics of CRISPR [22, 23] , seven separate CRISPR loci were predicted on pSHK1 [ Fig. 1(B) ]. Beside the well-organized CRISPR-cas loci on pSHK1, there were individual CRISPR3-7 loci on pSHK1 varying in length and lying downstream 4.4, 3.7, 3.4, 3.1, and 2.8 kb of the paired-CRISPR1 and 2, but no paired transposons were located adjacently. As shown in Table 1 , the repeat sequences of all seven CRISPRs were 28 bp in length with up to 2-bp differences, and their interspaced non-repetitive-sequences were mainly of 33 bp, with total repeat numbers of 1-35. These repeat sequences were unique in GenBank. Strikingly, the reversely complemented repeat-sequence of CRISPR1 (5 0 -GTCGGCCCCGCGCC TGCGGGGGTTCTCC-3 0 ) resembled the CRISPR2 repeat sequence (5 0 -GTCGGCCCCGCACCCGCGGGGATGCTC C-3 0 ) but with 4-bp differences (underlined). The 20-534-bp common leader sequences on one side of the CRISPR loci have been described in other prokaryotic species [23, 25] , a 61-bp sequence of this kind was found on CRISPR2, 3, 5, 6, and 7 of pSHK1 [ Fig. 1(C) ]. Additionally, the flanking conserved sequence on the other side of CRISPR2 and 5 was of 168-bp [ Fig. 1(C) ].
A cluster of eight genes cas2-cas1-cas3-cas5-cas4-cas2-cas1-cas3, bracketed by a pair of divergent CRISPR1 and 2, resembled those of other Streptomyces species (e.g. Streptomyces sp. DSM 40477). Apart from different sizes (encoding 101-348-270 versus 210-540-1002 amino acids, respectively), two sets of cas2-cas1-cas3 genes displayed no significant similarity with each other, indicating that they were not redundant. Thus, the clustered cas genes on pSHK1 were designated cas2B-cas1B-cas3B-cas5-cas4-cas2A-cas1A-cas3A.
Co-transcription of some cas genes
The transcriptional direction of the eight cas genes was the same, and spacers between the neighboring cas genes (cas2B-cas1B-cas3B-cas5-cas4-cas2A-cas1A-cas3A) were CRISPR loci on Streptomyces linear plasmid 0-4-6-0-110-102-360 bp, respectively, suggesting that these cas genes were co-transcribed. Reverse transcriptasepolymerase chain reaction (RT-PCR) with pairs of primers from the neighboring cas genes was employed to determine the transcriptional characteristics of the gene cluster. As shown in Fig. 2 , except for cas1A-cas3A and cas5-cas4, the expected sizes of PCR products from cDNAs reversely transcribed from genomic RNAs could be detected on agarose gel, indicating that these cas2B-cas1B-cas3B-cas5 or cas4-cas2A-cas1A genes were co-transcribed.
A critical role of Cas5 for interactions between Cas proteins
To detect possible interactions of these Cas proteins, cas genes were individually amplified by PCR and cloned into the yeast 'bait' vector pGADT7 or 'target' vector pGBKT7, and co-introduced by transformation in pairs into yeast cells. After plating on selection medium and determining b-galactosidase activity, the protein-protein interactions, between Cas5 and Cas1A, 2A, 2B, 3B, or Cas2A, Cas2B and Cas5 with themselves, were detected ( Table 2 ). In comparison with the positive ( pGADT7-T þ pGBKT7-53) and negative ( pGBKT7-lam þ pGADT7-T) controls, the strength of interactions between Cas5 and Cas 2A, 3B, or Cas2A, Cas2B and Cas5 with themselves, were stronger than that of Cas5 and Cas1A or Cas2B. These results suggested that Cas 5 is critical for the formation of protein complexes.
Detection of cas4 among newly isolated Streptomyces strains All Cas proteins of pSHK1 displayed high homology in amino-acid sequences with those of other Streptomyces or even other bacterial species, but, only cas4 displayed CRISPR loci on Streptomyces linear plasmid similarity in nucleotide sequences with those of other Streptomyces species (data not shown). To investigate the distribution of cas4 among Streptomyces species, PCR amplifications were performed with 75 newly isolated Streptomyces strains. As shown in Fig. 3(A) , the expected sizes of the PCR products from some strains were detected on agarose gels. The cas4-like sequences from twelve strains were finally confirmed by sequencing (data not The CRISPR1-cas-CRISPR2 could not provide host immunity from infection of phage and transformation of plasmid In some bacteria and archaea, CRISPRs are involved in an RNA-directed interference pathway that protects cells from bacteriophages and conjugative plasmids with the identical CRISPR-spacers [35] . To investigate whether the CRISPR/ cas of pSHK1 has similar functions, phage FC31 with inserts of four spacers from the CRISPR1 (FC31CS1) or CRISPR2 (FC31CS2) and plasmid pQC578 containing the spacer ( pQX37CS2) were introduced by infection or transformation into S. lividans TK23 containing a chromosomeintegrating CRISPR1-cas-CRISPR2 sequence of pSHK1. As shown in Table 3 , in comparison with phage FC31 and plasmid pQX37, host TK23 (CRISPRs/cas) could not prevent infection from phages FC31CS1 or FC31CS2, and showed largely no restriction for transformation by plasmid pQX37CS2.
Discussion
At least nine Streptomyces linear plasmids have been sequenced completely, including two .100-kb plasmids, SCP1 and pSLA2-L [18, 45] . Both SCP1 and pSLA2-L contain a homologous locus for internal replication [17, 45] , although pSLA2-L contains an additional replication locus [46] . Here, we reported the complete nucleotide sequence of another large linear plasmid, pSHK1, at 187,263 bp. Fifty-one of 158 ORFs resembled those of SCP1, including loci for plasmid replication, transfer, and partition, (14), suggesting that multiple transposition events might have occurred during formation of this linear plasmid. All Streptomyces telomere sequences contain multiple small IR; however, the first IR of pSHK1 or SCP1 cannot fold back to complement the internal IR [20] . The telomere sequence of pSHK1 differs from that of SCP1 and other Streptomyces linear plasmids. These results suggest that like SCP1, pSHK1 contains novel genes encoding the telomere-associated protein and TP for its telomere replication [13, 26, 47] . By searching cas genes of actinomycetes in GenBank, as summarized in Fig. 4 , we found the same order and similar sizes of the eight cas genes bracketed by a pair of divergent CRISPR loci in some other Streptomyces species such as S. kanamyceticus NBRC 13414 (GenBank accession number AB254080), S. ambofaciens ATCC 23877 (AM238664), S. avermitilis MA-4680 (NC_003155), and Streptomyces sp. DSM40477 (AJ810851), and two other actinomycete species, Salinispora arenicola CNS205 (AAWA01000022) and Thermobifida fusca YX (CP000088). Nevertheless, only one CRISPR locus adjacent to the clustered cas genes was found in actinomycete species, including Frankia sp. CcI3 (NC_007777), Nocardia farcinica IFM10152 (AP006618), and Corynebacterium jeikeium K411 (CR931997).
As well as having a similar structure of the CRISPR-cas loci, the repeat sequences of these CRISPRs were also conserved, each with a short palindrome. Like CRISPR1 and 2 of pSHK1, the reversely complemented repeat-sequence of one CRISPR resembled the repeat sequence of its paired CRISPR in several Streptomyces species (Table 4) . These results indicated that both the structure and character of these CRISPR-cas loci were conserved among actinomycetes, especially in Streptomyces.
The six 'core' proteins, Cas1-6, are recognized in prokaryotic genomes [26] . The Cas3 protein contains domain of superfamily-2 of helicase and Cas4 belongs to RecB exonucleases [23] . Beloglazova et al. [48] demonstrated that Cas2 is a sequence-specific endoribonuclease. Cas1 is predicted to be nuclease and repair-associated mysterious protein (RAMP), while Cas5 is unknown [26] . Cas6 is an endoribonuclease that generates guide RNAs for invader defense [49] . However, in pSHK1 and other actinomycetes species, no cas6 homologous genes are found in CRISPR loci, suggesting different mechanism of formation of Cas protein complex. Brouns et al. [50] discovered that CasABCDE proteins from E. coli can form a complex termed Cascade to cleave a CRISPR RNA precursor in each repeat. Our data suggested that Cas5 is a key protein in assembling a complex for CRISPR formation. Although Cas1-5 display similarity to these proteins of E. coli, whether Cas proteins of pSHK1 could form a complex to cleave a CRISPR RNA needs to be further investigated.
Recently, Barrangou et al. [32] provided experimental evidence that addition of 1-4 particular CRISPR-spacers in Streptococcus thermophilus decreases 10 4 -10 7 times of the phage infection frequency, establishing a link between the spacer content and phage resistance. Similarly, Marraffini and Sontheimer [33] showed that S. epidermidis times of the plasmid transformation frequency. However, in our experiments, S. lividans TK23 containing intact CRISPRs/cas of pSHK1 showed largely no restriction for infection from phages FC31 with the CRISPR1-or CRISPR2-spacer and transformation by plasmid pQX37 with the CRISPR2-spacer. Similar results were observed in experiments of the trans-conjugation of pQX37CS2 into the pSHK1 host (data not shown). These results indicate that the CRISPRs-cas in pSHK1 could not provide immunity against the phage or plasmid invaders. The biological functions of the CRISPRs/cas on Streptomyces linear plasmids needs to be further investigated.
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